Magnetic resonance current density imaging (MRCDI) and MR electrical impedance tomography (MREIT) are two emerging modalities, which combine weak time-varying currents injected via surface electrodes with magnetic resonance imaging (MRI) to acquire information about the current flow and ohmic conductivity distribution at high spatial resolution. The injected current flow creates a magnetic field in the head, and the component of the induced magnetic field ΔB z,c parallel to the main scanner field causes small shifts in the precession frequency of the magnetization. The measured MRI signal is modulated by these shifts, allowing to determine ΔB z,c for the reconstruction of the current flow and ohmic conductivity.
Magnetic resonance current density imaging (MRCDI) and MR electrical impedance tomography (MREIT) are two emerging modalities, which combine weak time-varying currents injected via surface electrodes with magnetic resonance imaging (MRI) to acquire information about the current flow and ohmic conductivity distribution at high spatial resolution. The injected current flow creates a magnetic field in the head, and the component of the induced magnetic field ΔB z,c parallel to the main scanner field causes small shifts in the precession frequency of the magnetization. The measured MRI signal is modulated by these shifts, allowing to determine ΔB z,c for the reconstruction of the current flow and ohmic conductivity.
Here, we demonstrate reliable ΔB z,c measurements in-vivo in the human brain based on multi-echo spin echo (MESE) and steady-state free precession free induction decay (SSFP-FID) sequences. In a series of experiments, we optimize their robustness for in-vivo measurements while maintaining a good sensitivity to the current-induced fields. We validate both methods by assessing the linearity of the measured ΔB z,c with respect to the current strength. For the more efficient SSFP-FID measurements, we demonstrate a strong influence of magnetic stray fields on the ΔB z,c images, caused by non-ideal paths of the electrode cables, and validate a correction method. Finally, we perform measurements with two different current injection profiles in five subjects. We demonstrate reliable recordings of ΔB z,c fields as weak as 1 nT, caused by currents of 1 mA strength. Comparison of the ΔB z,c measurements with simulated ΔB z,c images based on FEM calculations and individualized head models reveals significant linear correlations in all subjects, but only for the stray field-corrected data. As final step, we reconstruct current density distributions from the measured and simulated ΔB z,c data. Reconstructions from noncorrected ΔB z,c measurements systematically overestimate the current densities. Comparing the current densities reconstructed from corrected ΔB z,c measurements and from simulated ΔB z,c images reveals an average coefficient of determination R
Introduction
Accurate knowledge of the current flow distribution in the human head caused by neural or external sources is important in several neuroscience applications such as targeting control in transcranial brain stimulation (TBS) and source localization in electro-(EEG) and magnetoencephalography (MEG) (Mosher et al., 1999; Nitsche and Paulus, 2000) . The current distributions are usually derived using forward modeling schemes that employ volume conductor models of the head (Oostenveld et al., 2011; Tadel et al., 2011; Thielscher et al., 2015) . However, even anatomically accurate models of the head still suffer from uncertainties of the tissue conductivities. The conductivity values reported in literature vary substantially across studies, likely caused by both methodological differences and natural physiological variability, with the amount of uncertainty depending on the tissue type (Dabek et al., 2016; Faes et al., 1999; Huang et al., 2017; Miranda, 2013) . Methods to measure the current flow non-invasively in-vivo are thus important for the validation and improvement of these forward modeling approaches.
Magnetic resonance current density imaging (MRCDI) and MR electrical impedance tomography (MREIT) are two emerging modalities, which combine weak time-varying currents injected via surface electrodes with magnetic resonance imaging (MRI) to acquire information about the current flow and ohmic conductivity at high spatial resolution (Eyübo glu, 2006a (Eyübo glu, , 2006b G€ oksu et al., 2014; Joy, 2004; Scott et al., 1991; Seo and Woo, 2011; Woo et al., 1994) . In short, the injected current flow creates a magnetic field in the head, and the component of the induced magnetic field ΔB z,c parallel to the main magnetic field of the scanner slightly changes the precession frequency of the magnetization (here, the z-axis is chosen along the static scanner field, and ΔB z,c is correspondingly the current-induced field change). This modulates the phase of the measured MRI signal proportional to ΔB z,c . The current-induced phase changes can thus be used to determine ΔB z,c , and to reconstruct the inner current flow and the ohmic conductivity distribution (Eyübo glu, 2006b (Eyübo glu, , 2006c Ider and Birgül, 1998; Joy, 2004; Oh et al., 2003; Scott et al., 1991; Seo and Woo, 2011) .
Up to now, successful MRCDI and MREIT recordings have been demonstrated in phantoms, animal models and in-vivo in human limbs (Birgül et al., 2003; Eyübo glu, 2006c; Han et al., 2010; Ider and Birgül, 1998; Jeon et al., 2009; Jeong et al., 2010; Kim et al., 2009 Kim et al., , 2008 Kim et al., , 2011 Meng et al., 2012; Oh et al., 2005 Oh et al., , 2003 Sadighi et al., 2014; Sadleir et al., 2005; Seo and Woo, 2011; Woo and Seo, 2008) . However, in order to achieve a sufficient signal-to-noise ratio (SNR) of the ΔB z,c images, these studies applied current strengths that were much higher than those applicable for in-vivo human brain applications (1-2 mA; Utz et al., 2010) . Only recently, the first proof-of-principle studies have been performed that demonstrated the feasibility of acquiring ΔB z,c images for the human brain in-vivo using weak current strengths (Jog et al., 2016; Kasinadhuni et al., 2017) . These initial results are promising, but highlight the need for further improvements of the measurement procedures and sequences to allow for sufficient quality and unambiguous ΔB z,c images in a reasonable acquisition time.
Using comprehensive theoretical analyses and phantom measurements, we have previously optimized the sensitivity of two MRI sequences for in-vivo MRCDI and MREIT measurements in the human brain (G€ oksu et al., 2017) . We explored multi-echo spin echo (MESE) and steady-state free precession free induction decay (SSFP-FID) sequences, and derived optimized parameters to maximize their efficiency for measuring current-induced phase changes, given relaxation parameters of brain tissue at 3 T. Here, we validate the performance of the optimized sequences for in-vivo brain imaging and improve their robustness to artefacts that are of concern in an in-vivo setting, in order to ensure the validity of the results. Using the adapted approach, we perform measurements with two different current injection profiles in five subjects using SSFP-FID, and demonstrate reliable recordings of ΔB z,c fields as weak as 1 nT. We compare the ΔB z,c measurements with simulations based on the Finite-Element Method (FEM) and individualized head models reconstructed from structural MR images of the same subjects. As final step, we reconstruct the current flow distributions from both the measured and simulated ΔB z,c data. Taken together, the results presented here highlight the importance of careful validation of the measurement procedures to ensure unambiguous current density reconstructions. They optimize the novel ΔB z,c measurements for in-vivo applications, and pave the way for their application in future MRCDI and MREIT studies of the human brain.
Methods

Subjects
Thirteen healthy subjects were included in the study, which consisted of five successive experiments. Five participants took part in two of the experiments, and two participated three times. They had no previous history of neurological or psychiatric disorders and were screened for contraindications to MRI and TBS. Written informed consent was obtained from all participants prior to the scans. The study complied with the Helsinki declaration on human experimentation and was approved by the Ethics Committee of the Capital Region of Denmark (H16032361).
Sequence of experiments
Our study is organized in five successive experiments:
First, we compare the SNR and quality of ΔB z,c images acquired with single-vs. multi-gradient-echo readouts. Our prior results demonstrated the need to use long echo times for MESE and long repetition times for SSFP-FID in order to maximize efficiency. The resulting SNR-optimal low readout bandwidth (BW) decreases image quality as it causes considerable distortions particularly for in-vivo applications. Here, we test to which extent these effects can be prevented by using multi-gradient-echo readouts that are acquired at a higher BW and that are subsequently combined to reconstruct the ΔB z,c image. Second, we validate the methods by assessing the linearity of the measured ΔB z,c with respect to the strength of the injected currents. Third, we focus on the more efficient SSFP-FID measurements and assess the influence of magnetic stray fields on the ΔB z,c images, caused by non-ideal paths of the feeding cables that are connected to the electrodes. We propose and validate a method to correct for these undesired influences. Fourth, we re-evaluate the impact of the chosen repetition times on measurement efficiency and image quality in the presence of physiological noise. We test whether decreasing the repetition times below the theoretically optimal values can help to improve image quality without substantially sacrificing the SNR of the ΔB z,c images. Fifth, we perform ΔB z,c measurements with two different current injection profiles (right-left and anterior-posterior), and compare the measurements with simulations based on the Finite-Element Method (FEM) and individualized head models reconstructed from structural MR images of the same subjects. We also reconstruct and compare the current density distributions from the measured and simulated ΔB z,c data. For both the ΔB z,c images and current flow distributions, we test how much the correction of the cable-induced magnetic stray fields affects the similarity between measured and simulated data.
MRI sequences for MRCDI
We tested the in-vivo application of two different MRCDI sequences, MESE (Fig. 1a) and SSFP-FID (Fig. 1b) . Details of the sequences can be found in (G€ oksu et al., 2017) . In short, we selected MESE because of its high SNR for the magnitude images and its robustness to field inhomogeneity , and SSFP-FID for its high phase sensitivity (Lee et al., 2016; Scheffler et al., 2006) .
For MESE (Fig. 1a ), the measured current-induced magnetic field for the nth spin-echo ΔB n z;c is given as
where γ is the gyromagnetic ratio of protons, and T ES the echo spacing.
The measurement is performed twice with opposite current injection profiles, and ∠M þ n and ∠M À n are the phases of the acquired complex MR images for the positive and negative current directions for the nth echo (G€ oksu et al., 2017; Nam and Kwon, 2010; Scott et al., 1992) . The final ΔB z,c image is determined as the weighted sum of the ΔB n z;c images of the single echoes, with the weightings being proportional to the inverse of the variances of the images (G€ oksu et al., 2017) . When a multi-gradient-echo readout is used, the final ΔB z,c image is determined in the same way after summation across all acquired gradient echoes.
For SSFP-FID (Fig. 1b) , the ΔB z,c image in case of weak injection currents is given as
with ∠M SS1 and ∠M SS2 being the phase images for echoes with positive and negative current injection. The constant m seq ¼ ∂ð∠M SS1 À ∠M SS2 Þ=∂ΔB z;c is the phase sensitivity to magnetic field changes (G€ oksu et al., 2017) . We calculated it via spin simulations based on 3D rotation and relaxation matrices (Jaynes, 1955) , and it depends on the sequence and tissue relaxation parameters.
Measurement procedures
All experiments were performed on a 3 T MRI scanner (MAGNETOM Prisma, SIEMENS Healthcare, Erlangen, Germany) equipped with a 64-channel head coil. Multi-channel signals were combined using an adaptive combine algorithm that employs a spatial matched filter created from the individual coil images without a priori knowledge of coil sensitivity maps (Walsh et al., 2000) . The electrical current waveforms were created using a waveform generator (33500B; Keysight Technologies, Santa Clara, CA, USA), amplified using an MR-conditional device for transcranial weak current stimulation (DC-STIMULATOR PLUS, neuroConn GmbH, Ilmenau, Germany), and were applied to the participants via circular rubber electrodes (5 cm in diameter) attached to the scalp. We used two different electrode configurations that created current flows either from right to left (R-L) or from anterior to posterior (A-P) in the brain. For R-L current injection, the rubber electrodes were attached symmetrically at positions directly above and slightly anterior to the ears using conductive paste (Ten20, Weaver and Company, Colorado, USA). This corresponds roughly to positions above the temporoparietal junctions. For A-P injection, one electrode was placed centrally on the forehead and the second centrally superior to the inion. Unless stated otherwise, peak current amplitudes of AE1 mA were used. A ramp up period of 10 s was used in order to prevent sudden subject motion. MR data acquired during this period were discarded.
We used single-slice MESE and SSFP-FID measurements, with an axial slice placed in the upper half of the brain. Based on an initial structural image (details are given below), the slice position was chosen to contain approximately the electrode centers. The fat signal was suppressed by a chemical-shift-selective (CHESS) fat suppression technique (Haase et al., 1985) . A field of view (FOV) of 224 Â 180 mm 2 , an image matrix of 112 Â 90 and a voxel size of 2 Â 2 Â 3 mm 3 were used for both sequence types. For MESE, the echo spacing was T ES ¼ 60 ms, repetition time was T R ¼ 1.5 s and the number of spin echoes was N SE ¼ 3. For SSFP-FID, the tip angle was α ¼ 30
. The other MR sequence parameters varied across experiments and are stated below. All experiments were performed with both positive and negative current directions (i.e. two subsequent acquisitions of each k-space line; the first corresponds to the positive direction and the second to the negative). The current waveforms were employed as indicated in Fig. 1 (I þ c for the first acquisition and I À c for the second). By that, each k-space line was acquired twice in successive readout periods with opposite currents I þ c and I À c to measure two phase images with opposite current-induced phases. After acquisition of the complete k-space, the measurements were repeated. The MESE measurements were repeated twice (N meas ¼ 2), with a total scan time of T tot % 9 min. For SSFP-FID, the number of measurements N meas varied across experiments and are stated below. Generally, they were selected as high as possible while limiting the total duration of each experiment for the participants to 2 h. This included up to 1 h 20 min of MR scanning (in experiment 2; details are stated below), of which maximally 45 min were combined with current stimulation.
For all subjects, a high-resolution structural image was acquired using the Pointwise Encoding Time reduction with Radial Acquisition (PETRA) sequence (Ida et al., 2015) with number of slices N sli ¼ 320, image matrix 320 Â 320, voxel size 0.9 Â 0.9 Â 0.9 mm T 1 -weighted contrast for soft tissue. In addition, it allowed locating the rubber of the electrodes and of the cable insulations due to the short T E . The visibility of the cable tracks was further improved by covering them with Play-Doh (Hasbro Inc., RI, USA) which provides strong MRI signal due to its high water content. For participants in which the current flow distribution was estimated using FEM calculations, additional T 1 -and T 2 -weighted images were acquired for the construction of individualized volume conductor models. The T 1 -weighted images were based on a Magnetization-Prepared Rapid Acquisition Gradient-Echo ( In three participants, we compared the quality and SNR of the ΔB z,c images based on multi-gradient-echo readouts at high BW versus their single-gradient-echo counterparts at low BW, employing an R-L electrode montage. The experiments were performed both with and without current injection. The MESE experiments were repeated for N GE ¼ 1 (BW ¼ 19.2 Hz/pixel; echo time point relative to the preceding refocusing pulse: T GE ¼ 30 ms) and N GE ¼ 5 (BW ¼ 103.6 Hz/pixel; gradient echo time points relative to the preceding refocusing pulse: T GE ¼ [8. 8, 19.6, 30, 40.6, 51 .2] ms). The SSFP-FID experiments were performed with T R ¼ 120 ms and N meas ¼ 12 (T tot % 4.5 min). They were repeated for N GE ¼ 1 (BW ¼ 12 Hz/pixel; gradient echo time point relative to the preceding RF pulse: T GE ¼ 60 ms) and N GE ¼ 7 (BW ¼ 75 Hz/pixel; gradient echo time points: T GE ¼ [8. 33, 22.43, 36.53, 50.63, 64.73, 79.00, 93 .16] ms).
MESE was tested at its optimal T ES of 60 ms, while SSFP-FID was tested at its optimal T R of 120 ms, resulting in a different number of readouts for the multi-gradient-echo cases. For both sequences, the number of readouts was chosen to result in a BW that was high enough to prevent visible distortions. The quality of the resulting ΔB z,c images was evaluated by visual inspection. In addition, the performance of the methods was quantified by creating histograms of the noise floor in the ΔB z,c images acquired without current injection. For that, masks created from the magnitude images were used to extract the values from the brain. Gaussian distributions were fitted to the histograms, and the differences in the mean μ ΔBz;c and standard deviation σ ΔBz;c of the fits were evaluated.
Experiment 2: linear dependence of the measured ΔB z,c on current strength
In order to verify the linear dependence of the measured ΔB z,c on the strength of the injected currents, MESE and SSFP-FID experiments using multi-gradient-echo readouts were performed in four participants. The data of one subject was discarded due to severe motion artefacts. For MESE, N GE ¼ 5 was used. The parameters for SSFP-FID were T R ¼ 120 ms, N meas ¼ 12 and N GE ¼ 7. For each participant, measurements at four currents strength (I c ¼ 0, 0.33, 0.66 and 1 mA) were acquired in random order, using an R-L electrode montage. This resulted in 4 Â 12 ¼ 48 SSFP-FID and 4 Â 2 ¼ 8 MESE measurements per participant. For each measurement, average ΔB z,c values were extracted from a region-of-interest (ROI) that was individually positioned to exhibit clear current-induced phase changes for the MESE measurements at 1 mA. Linear regression models of the extracted ΔB z,c values as a function of I c were fitted both to the MESE and SSFP-FID results, and the mean shifts β 0 and slopes β 1 and their standard errors are reported.
Experiment 3: correction of cable-induced stray magnetic fields Given the higher efficiency of SSFP-FID compared to MESE (G€ oksu et al., 2017) , we focused on SSFP-FID in the rest of the study. The sequence parameters were T R ¼ 120 ms, N meas ¼ 24 (T tot % 9 min) and N GE ¼ 7. In the proximity of the head, the cables connecting the electrodes to the current stimulator should be fully parallel to the main magnetic field of the scanner. This ensures that the magnetic fields created by the current flow through the cables do not contribute to the phase of the measured MR images. Any deviation from an ideal parallel cable path can result in strong stray fields which change the measured ΔB z,c distribution. For example, a straight wire of 10 cm length that carries a current of 1 mA and is placed parallel to an axial imaging plane at a distance of 10 cm changes the z-component of the magnetic field in the plane by up to 0.9 nT. This is approximately the situation encountered if the electrode cables meet just above or below the head, and the resulting field change is similar to that caused by current flow inside the head. However, parallel cable paths are difficult to achieve in practice, as modern multi-channel receive coils fit tightly around the head. Changing to, e.g. birdcage coils would strongly reduce the SNR of the measurements. In addition, in our measurements, the stray fields were severe as we employed a twisted wire pair that branched out only in close proximity to the head. This was caused by the need to employ stimulator equipment that was CE approved as medical device.
Using SSFP-FID measurements in four participants, we demonstrated the impact of the cable-induced stray fields on the ΔB z,c images. A wire loop was placed around the head, with the upper half following a similar path as the cables in the other measurements. The lower half of the loop was extended inferior, with the wires being as parallel as possible to the main magnetic field for 30 cm before they were twisted and connected to the stimulator. By that, the stray field of the wire loop coarsely mimicked that of the cables in the axial imaging slice in the upper part of the head.
In order to correct for the effects of the stray field, we reconstructed the wire path from the PETRA images, calculated the wire-induced field using the Biot-Savart Law, and subtracted it from the measured ΔB z,c image. We validated this correction method by comparing the corrected ΔB z,c images with the results of control measurements without current injection. Histograms of both measurements were obtained, and the mean and standard deviation of Gaussian distributions fitted to the histograms were compared. For both the experiments with and without current flow, N meas ¼ 24 measurements were used. The experiments were repeated twice to test the reproducibility of the results.
Experiment 4: dependence of measurement efficiency on repetition time
In our prior study (G€ oksu et al., 2017) , we employed phantom experiments and simulations to demonstrate a strong influence of the SSFP-FID repetition time T R (Fig. 1b) on the efficiency of the MRCDI measurements. We derived an optimal value of T R ¼ 120 ms, which is higher than usually employed in order to allow for sufficient phase accumulation. However, a long T R can also increase the influence of physiological noise on the measurements, leading us to re-evaluate the impact of T R on measurement efficiency in the in-vivo case.
We performed SSFP-FID experiments in six participants, employing an R-L electrode montage. The experiments were repeated with and without current injection. The data of one subject was discarded due to severe motion artefacts. In each participant, three repetition times T R ¼ [40, 80, 120] ms were tested in a random order. The number of measurement repetitions N meas was adjusted to keep the total acquisition time T tot close to 9 min. The remaining MR sequence parameters were adjusted to optimize the measurement sensitivity and image quality for the given T R : 7.46, 19.73, 31.86, 43.99, 56.13] 8.33, 22.43, 36.53, 50.63, 64.73, 79.00, 93.16] 
The ΔB z,c images were corrected for the cable-induced stray fields as described above. Histograms of the ΔB z,c images without current injection were obtained, and the mean and standard deviation of Gaussian distributions fitted to the histograms were determined.
Experiment 5: ΔB z,c measurements for two different electrode montages
We compared the ΔB z,c images obtained for R-L versus A-P electrode montages in six participants. The sequence parameters were T R ¼ 120 ms, N meas ¼ 24 (T tot % 9 min) and N GE ¼ 7. The measurements were repeated with and without current injection. The data of one subject was discarded due to motion artefacts. The ΔB z,c images were corrected for the cable-induced stray fields. Histograms of the ΔB z,c images without current injection were obtained, and the mean and standard deviation of Gaussian distributions fitted to the histograms were determined.
FEM simulations of the current flow and the induced magnetic field
We compared the ΔB z,c images measured in experiment 5 with simulated images, using FEM calculations of the current flow distribution inside the head based on our open-source pipeline SimNIBS 2 (www. simnibs.org; . An anatomically realistic volume conductor model was automatically created from the structural T 1 -and T 2 -weighted MR images. The model consists of five tissue compartments, namely brain gray matter (GM), white matter (WM), cerebrospinal fluid (CSF), skull and scalp. Isotropic ohmic conductivities were assigned to the tissues (WM: 0.126 S/m, GM: 0.275 S/m, CSF: 1.654 S/m, bone: 0.010 S/m, scalp: 0.465 S/m) . The electrode positions were determined from the PETRA images. The electrode pads were modelled as disks with 50 mm diameter and 5 mm thickness with a conductivity of 1.0 S/m. For the FEM calculations, Dirichlet boundary conditions for the electrostatic potential were applied at the electrode surfaces . The simulations were performed for both R-L and A-P montages, assuming a current strength of I c ¼ 1 mA. The Biot-Savart Law was applied to the calculated current density distribution J ! in order to determine the ΔB z,c image.
Reconstruction of current density images
The measured ΔB z,c images for the two electrode montages R-L and A-P (experiment 5) were used to determine current density distributions. We reconstructed the x-and y-component of the current density in the imaging slice using the approach explained in (Ider et al., 2010; Park et al., 2007) . The recovered current density J ! rec , termed "projected current density" in (Park et al., 2007) , is given as
with μ 0 being the permeability of free space. The variables J ! 0 and ΔB 0 z;c denote the current density and magnetic field distributions that would occur for a uniform conductivity distribution inside the head. They were determined using FEM calculations. The projected current density images were reconstructed from both the measurements with and without stray field correction, and compared with the simulation results. A median filter (3 Â 3 neighborhood) was applied to the ΔB z,c measurements to remove spatial high-frequency noise before applying the reconstruction algorithm. For comparability, the same filter was applied to the simulated ΔB z,c , even though it affected the images only marginally. There are more advanced filtering (Lee et al., 2011) and current density reconstruction (Ider et al., 2010; Park et al., 2007) techniques, which might perform slightly better. However, they are beyond the scope of this study.
Results
Subject experiences
For both the MESE and SSFP-FID methods, the synchronized injected current induced similar side effects in each of the subjects. All subjects reported phosphenes, which were stronger for the A-P compared the R-L electrode configuration. They also experienced subtle tingling near the electrodes, which disappeared after a short while. None of the subjects reported any discomfort due to the current injection.
Experiment 1: single-vs. multi-gradient-echo acquisition For both the MESE and SSFP-FID measurements, the evaluation of the ΔB z,c images acquired without current injection (Fig. 2a) shows that the multi-gradient-echo readouts consistently reduce the noise floor. In case of multiple echoes, the depicted ΔB z,c images are the weighted sum of the single echo results, with the weighting factors being proportional to the inverse of the variances of the images (G€ oksu et al., 2017) . The better quality of the multi-gradient-echo results is corroborated by the lower mean values and standard deviations obtained for the ΔB z,c images of the multi-gradient-echo readouts, as listed in Table 1 ( Supplementary Fig. S1 shows the corresponding histograms). In this respect, the mean values indicate ΔB z,c, offsets, while the standard deviations characterize the "noise power", i.e. the strength of the spatial fluctuations of the noise. As a side note, the MESE measurements with multi-gradient-echo readouts have the lowest noise standard deviations across all four tested conditions. However, it should be noted that the listed values are not normalized per unit time, and the total scan time of MESE was two times longer than that of the SSFP-FID counterparts.
The use of multi-gradient-echo readouts also helps to improve the quality of the MR magnitude images (Supplementary Fig. S2 ) and ΔB z,c images obtained with current injection (Fig. 2b) . Specifically, the results for the single-gradient-echo readouts suffer from ghosting-like patterns, which are absent when multi-gradient-echo readouts are used. Visual inspection suggests further that the multi-gradient-echo readouts result in more similar ΔB z,c images for the MESE and SSFP-FID measurements in each of the three subjects.
Experiment 2: linear dependence of the measured ΔB z,c on current strength Fig. 3a shows the MR magnitude and ΔB z,c images for MESE and SSFP-FID measurements performed at I c ¼ 1 mA. In each of the subjects, the ΔB z,c images of the MESE and SSFP-FID measurements show a good similarity. Average ΔB z,c values were extracted from the indicated ROIs for each of the four tested current strengths and plotted against the current strength in Fig. 3b . In all cases, the fitted regression models are highly significant, demonstrating a good linear dependency ( Table 2) . The mean shifts β 0 (i.e., the intercepts of the fits) are close to zero in all cases, which proves the absence of systematic biases. For all three subjects, the slopes β 1 are similar between the MESE and SSFP-FID results. For SSFP-FID, the small standard errors indicate a good accuracy of the ΔB z,c results that were obtained by averaging across twelve measurements.
Experiment 3: correction of cable-induced magnetic stray fields
The ΔB z,c fields created by currents flowing in a wire loop around the head and measured using SSFP-FID are shown in Fig. 4b . Corrected images were obtained by subtracting ΔB z,c fields that were determined via forward calculations based on the reconstructed wire paths and the BiotSavart Law (Fig. 4c) .
Comparing the corrected images with control ΔB z,c measurements without current injection (Fig. 4d) demonstrates that the remaining noise after the correction is in a similar range to that of the control images. This is confirmed by evaluating the mean values and standard deviations of the ΔB z,c images, as listed in Table 3 . For both experimental runs, the mean values of the corrected and control results are close to zero. The standard deviations are slightly higher for the corrected results, indicating a small residual effect that was not corrected by the subtraction procedure. The underlying reason might be small inaccuracies in determining the wire paths from the PETRA images.
Experiment 4: dependence of SSFP-FID measurement efficiency on repetition time
The ΔB z,c images acquired using SSFP-FID at three different repetition times, both with and without current injection, are shown in Fig. 5 . The images with current injection were corrected for the impact of the cableinduced stray fields as described above. The SNR of the images acquired at T R ¼ 40 ms is clearly lower than obtained at the two other repetition For better visualization of the spatial patterns, meancorrected images are shown (i.e., the average ΔB z,c in the brain was subtracted). The quality of the images is improved by the use of multi-gradient-echo readouts, which prevent the ghosting-like patterns observed in the results of the single-gradient-echo acquisitions. Please note that the total acquisition times differed for MESE (T tot % 9 min) and SSFP-FID (T tot % 4.5 min) in this experiment, as the primary goal was to compare single-versus multi-gradientecho readouts. times. The results obtained at T R ¼ 80 ms and T R ¼ 120 ms exhibit similar sensitivities to the current-induced magnetic field changes. An exception is the ΔB z,c image obtained for subject S 4 without current injection (fourth row of Fig. 5a ), which has a poor quality compared to the other results, presumably due to motion outside of the imaged slice. This occurred even though the MR magnitude images show no considerable image artefacts ( Supplementary Fig. S3 ). Comparison of the standard deviations of the ΔB z,c images obtained without current injection confirms the visual impression (Table 4) . On average, the standard deviation is reduced by 61% for T R ¼ 80 ms and 53% for T R ¼ 120 ms compared to the measurements at T R ¼ 40 ms. The measurements using T R ¼ 80 ms perform slightly better than those with T R ¼ 120 ms in four out of five subjects.
Experiment 5: ΔB z,c measurements for two different electrode montages
The ΔB z,c images obtained by SSFP-FID measurements for the R-L and A-P electrode montages are shown in Fig. 6, both without (Fig. 6b) and with correction of the cable-induced stray fields (Fig. 6c) . Visual comparison confirms the importance of applying the correction (please note, that the blue-red patterns are actually inversed between uncorrected and corrected images). Focusing on the corrected images (Fig. 6c) , the results of the A-P montage exhibit very similar spatial distributions of the current-induced magnetic fields across the five subjects, while the obtained peak intensities clearly vary. The results obtained with the R-L montage differ more between subjects, with the variation in the electrode positions likely contributing to these differences.
The control ΔB z,c images obtained without current injection (Supplementary Fig. S4 ) exhibit an average mean shift of μ ΔBz;c ¼ 0.005 nT (averaged across the five subjects) and an average standard deviation of Comparison of measured and simulated current-induced magnetic fields ΔB z,c
We simulated the current-induced magnetic field for both the R-L and A-P electrode montages (Fig. 7a shows exemplarily the results for subject S 1 ). In general, the simulated and measured fields exhibit similar spatial distributions and variations, supporting the validity of the measurements. Scatter plots of the measurements (with and without correction of the stray fields) versus simulations show clear linear dependencies for the corrected ΔB z,c data, which are absent for the uncorrected measurements (Fig. 7b depicts the results for S 1 ) . Correspondingly, fitting linear regression models to the dependencies between corrected ΔB z,c measurements and simulations reveals significant results for all subjects (Table 5) , with the coefficients of determination being on average 0.68 and 0.88 for the R-L and A-P montages. Interestingly, the estimated slopes are slightly lower than unity. That is, the simulations underestimate ΔB z,c slightly, but quite systematically in 9 out of the 10 measurements. It is worth noting that we do not expect identical results, as the simulations were based on a head model that employed standard conductivity values from literature.
Comparison of the current density measurements and simulations
We reconstructed the x-and y-components of the current density distribution in the imaging slice from the ΔB z,c measurements (with and without stray field correction) and additionally from the simulated ΔB z,c data in the five subjects for both R-L and A-P electrode montages. The results of the first subject are exemplarily shown in Fig. 8a (Supplementary Fig. S5 lists the results of the other subjects). For the simulations, the reconstructed current densities J ! rec differ markedly from the original current densities J ! FEM that were determined via FEM calculations and served to calculate the ΔB z,c distributions via the Biot-Savart Law. While coarse features of the current flow pattern such as generally higher current densities close to the electrodes and in the longitudinal fissure (for the A-P montage) are maintained, fine inflow effects in the sulci are mostly lost. Visual comparison of the current density reconstructions from the uncorrected versus corrected ΔB z,c measurements reveals that the current densities close to the electrodes are overestimated when the ΔB z,c data is not corrected for the cable-induced stray fields. In addition, increased current densities in the CSF-filled longitudinal fissure are only observable for the corrected case. Comparing the current density distributions reconstructed from the measurements versus the simulations by means of scatter plots (Fig. 8b ) and linear regression analyses (Tables 6  and 7 ) confirms that the difference between measurements and simulations is overestimated without stray field correction. Specifically, the slopes of the regression lines increase by on average 0.16 (uncorrected vs. corrected: 0.65 vs. 0.81, pooled across A-P and R-L). Also for the corrected data, the slopes are still lower than unity, i.e. the simulations systematically underestimate the current densities by on average 24%. The coefficients of determination are only slightly increased for the corrected data, for which they reach on average 0.71.
Discussion and conclusions
We tested two MR sequences, MESE and SSFP-FID, for measurements of weak current-induced magnetic fields in the human brain. The sequences were previously optimized using extensive computer simulations and phantom tests (G€ oksu et al., 2017) to maximize their sensitivity to the current-induced fields. Here, we assessed their performance in-vivo and demonstrated that both sequence types could be successfully used to reveal the magnetic field distributions for a current strength of 1 mA, in turn allowing us to reconstruct the current flow distribution in the brain.
Optimization and validation of the MR sequences and measurement procedures
Our results demonstrated the need to adapt the employed sequences for in-vivo application by including multi-gradient-echo acquisitions. Specifically, long echo times (MESE) and repetitions times (SSFP-FID) are required to maximize the sensitivity of the measurements to the currentinduced magnetic fields (G€ oksu et al., 2017 ). This in turn decreases their robustness to physiological noise (e.g., due to respiration, blood flow and small subject movement) when single-echo readouts with low bandwidths are used. Our results show that multi-gradient-echo readouts at higher bandwidths improve the image quality and allow selecting long echo and repetition times to maximize sensitivity, even though the total available readout period is slightly shortened by the time needed for the additional gradient switching in that case.
In contrast to the better efficiency of SSFP-FID compared to MESE observed in the prior phantom tests, both sequence types had similar noise levels in the in-vivo case when matching the total acquisition time. Specifically, comparing the average noise standard deviations listed for MESE (N GE ¼ 5) in Table 1 to the results for SSFP-FID with T R ¼ 120 ms in Table 4 (both acquired with T tot % 9 min) reveals similar values. This indicates that physiological noise is a dominant factor that limits the sensitivity of the in-vivo measurements. In practice, the higher number of measurements that are obtained during SSFP-FID acquisitions open up a possibility of discarding (partial) measurements with strong noise, thereby possibly improving the quality of the final averaged magnetic field image. Nevertheless, MESE may still outperform SSFP-FID in multislice acquisition, as it allows for interleaved slice excitation without prolonging the total acquisition time (G€ oksu et al., 2017) . The impact of physiological noise also became apparent when testing different repetition times for the SSFP-FID measurements. As expected, increasing T R from 40 ms to 80 ms increased the measurement sensitivity. However, an additional increase to 120 ms tended to decrease the sensitivity of the in-vivo results slightly again, in contrast to the theoretical and phantom results. This indicates that a T R moderately below the theoretically optimal value can be chosen for in-vivo applications without losing sensitivity, while potentially improving robustness. Table 5 for the results of the regression analyses for all five subjects).
For both sequence types, the dependence of the measured magnetic field on the current strength exhibited a good linearity. In each of the three tested subjects, the slopes of the linear fits of the results obtained with the two sequences were similar. This validates the chosen scaling factor m seq for the SSFP-FID measurements (Eq. (2)), which relates the magnetic field and phase changes, and which was determined via spin simulations (G€ oksu et al., 2017) .
We have demonstrated strong effects of the magnetic stray fields created by the current flow in the cables on the measured magnetic field and on the reconstructed current flow distributions, and have validated a correction method that employs delineations of the cable paths derived from structural images for forward calculations of the stray fields. While improved cable designs might help to ameliorate this problem, we would like to emphasize that even a small deviation from an ideal path parallel to the field direction of the scanner will cause non-negligible distortions of the measured field distributions when it occurs close to the Table 5 Experiment 5: Linear fits of the ΔB z,c measurements and simulations across five different subjects for the two current injection profiles (R-L and A-P). The table lists the intercepts β 0 , the slopes β 1 , and the coefficient of determination R 2 of the fitted linear regression models. For β 0 and β 1 , also the standard errors are stated. The last row lists the averages across subjects, and the standard error of the averages. Most estimated slopes are lower than unity (i.e., the simulations slightly underestimate the ΔB z,c ). The significance of the regression models was confirmed using F-tests, with the results being highly significant (p < 10
À6
) in all cases.
R-L A-P ! rec images that were reconstructed from the simulated ΔB z,c images shows that the reconstruction algorithm recovers only the coarse features of the current flow pattern. Specifically, higher current densities close to the electrodes and in the longitudinal fissure are maintained. Visual comparison of the reconstructions from uncorrected and corrected ΔB z,c measurements reveals that the reconstructions from the uncorrected measurements overestimate the current densities close to the electrodes. For the A-P montage, an increased current flow in the longitudinal fissure is only visible for the corrected measurements. (b) Scatter plots of the projected current flow measurements versus simulations for subject S 1 (1st row: R-L montage; 2nd row: A-P montage). The results are plotted for the cases with (blue) and without (red) cable-induced stray magnetic field correction. The results without stray field correction overestimate the current flow density, resulting in a smaller slope of the fitted regression line (please refer to Table 6 for the results of the regression analyses for all five subjects). measurement volume, e.g., 10 cm away. This effect results in miscalculated current flow distributions, and highlights the importance of controlling for and, if required, correcting the impact of the stray fields.
Comparison of measured and simulated fields
The measured magnetic fields showed a good correspondence to the fields obtained via FEM simulations, with average coefficient of determinations R 2 of 68% and 88% for R-L and A-P montages. Following up on the reasons why the A-P montage is on average revealing a better correspondence might be interesting for future studies. The simulations based on "standard" tissue conductivities taken from literature systematically underestimated the strength of the current-induced ΔB z,c in 9 out of the 10 measurements (average regression slopes of 0.80 and 0.90 for R-L and A-P). Also the current density distributions estimated from the corrected magnetic field measurements and the FEM simulations were in good agreement, with an average coefficient of determination of R 2 ¼ 71%, with little difference between the R-L and A-P montages. The simulations underestimated the current strength on average by 24%. The likely main reason are inaccurate ohmic conductivities assigned to the brain tissues in the FEM simulations. In addition, the use of isotropic conductivity values for white matter might affect the accuracy of the simulations, as its conductivity is known to be anisotropic (e.g., Nicholson, 1965) . Future studies could therefore test whether the use of conductivity tensors estimated from diffusion MRI (e.g., Opitz et al., 2011) improves the fit between measurements and simulations. Along similar lines, it could be tested whether more detailed models of the pad electrodes increase the fit. Interestingly, recent studies using invasive in-vivo recordings to measure the electric field injected by transcranial weak current stimulation indicate that FEM simulations based on standard conductivity values similar to the ones used here over-rather than underestimate the electric field strength (Huang et al., 2017; Opitz et al., 2016) . This apparent contradiction might be resolved by considering that we reconstructed the current density rather than the electric field. Huang et al. (2017) derived individually optimized ohmic conductivities to best fit the simulated to the measured electric fields, and found that optimization resulted in higher-than-standard tissue conductivities consistently across subjects. Increasing the conductivity of brain tissue would in turn tend to increase the current strength inside the skull, in line with our results. While this explanation seems plausible, it should be followed up, e.g. by future simulation work.
Prior studies
To our knowledge, only two prior studies report in-vivo MR measurements of current-induced magnetic fields in the human brain. In (Jog et al., 2016) , standard field mapping sequences were employed to measure the constant fields of direct currents. While the use of standard sequences has the advantage that 3D coverage can be readily achieved, this approach is not robust to slow temporal drifts of the MR signal that occur due to both technical and physiological reasons, inherently limiting the achievable sensitivity. The results presented in (Kasinadhuni et al., 2017) were based on a measurement approach that was more similar to the approach tested here. However, their method is comparably less sensitive to current-induced field changes and the results were not corrected for cable-induced stray fields. The spatial patterns of the measured magnetic field distributions reported in that study vary substantially across subjects, despite using the same electrode locations. The peak magnetic field values exceed those, which we obtained for the uncorrected images, and are consistently higher than those indicated by their and our FEM simulations. Even when considering that a higher current strength of 1.5 mA was applied, these observations indicate that cable-induced stray fields likely affected the results of that study. As the employed current flow reconstruction algorithm was based on first order spatial derivatives of the measured current-induced magnetic field (Ider et al., 2010; Park et al., 2007) , any non-constant stray field will distort the reconstructed current flow. This opens the possibility that also the substantial Table 6 Experiment 5: Linear fits of the current density distributions reconstructed from measurements and simulations. Listed are the results for the current injection profile R-L, for both the cases with and without stray magnetic field correction. The table lists the intercepts β 0 , the slopes β 1 , and the coefficient of determination R 2 of the fitted linear regression models. For β 0 and β 1 , also the standard errors are stated. The last row lists the averages across subjects, and the standard error of the averages. The estimated slopes increase on average by 0.14 for the corrected vs. uncorrected case. Also for the corrected case, the estimated slopes are still lower than unity (i.e., the simulations underestimate the current density). The significance of the regression models was confirmed using F-tests, with the results being highly significant (p < 10
À6
) in all cases. Table 7 Experiment 5: Linear fits of the current density distributions reconstructed from measurements and simulations. Listed are the results for the current injection profile A-P. The estimated slopes increase on average by 0.16 for the corrected vs. uncorrected case. The estimated slopes are still lower than unity also for the corrected case (i.e., the simulations underestimates the current density). This is similar to the results observed for current injection profile R-L. The significance of the regression models was confirmed using F-tests, with the results being highly significant (p < 10
A-P differences between the measured and simulated current density reconstructions reported in (Kasinadhuni et al., 2017) might have been amplified by neglecting putative cable-induced stray fields. As a side note, the detrimental effects of cable-induced stray fields on the reconstructed current flow do not occur for methods which rely on the Laplacian of ΔB z,c (e.g., Ider et al., 2010) , as the Laplacian of the cable-induced stray magnetic fields is zero inside the imaging region. However, as these methods employ second derivatives, they might suffer more from amplified noise in the reconstructed current density images.
Limitations and future work
The main focus of our study was on the optimization and validation of the MR sequences and measurement protocol. In the future, the measurement sensitivity can possibly be further increased by using pulse sequences such as balanced alternating steady-state free precession (bSSFP) which exhibits a more than 10 times higher phase sensitivity Minhas et al., 2010) . A higher sensitivity would be beneficial to limit scan time when aiming to extend the spatial coverage towards multiple slices. Increasing the current strength from 1 mA up to 2 mA is also feasible, but requires careful piloting. Stronger currents also increase the side effects such as tickling and pain sensations underneath the electrodes, which makes the measurements less comfortable for the participants and might result in stronger head movement. In addition, the correction method for the cable-induced stray field used here requires manual tracking of the cable paths that are, however, well visible as dark regions inside the bright Play-Doh. The tracking accuracy depends on the spatial resolution of the employed PETRA images (0.9 mm iso-voxel in our experiments, which is sufficiently small to guarantee sufficient accuracy). It would be desirable to optimize the cable design in order to reduce the influence of the cable-induced stray fields, which might help to further increase the robustness of the final results.
The employed current density reconstruction can be further optimized. The observed similarity between the reconstructions from measured and simulated data suggests that the method in its current form is already sufficient to obtain a coarse approximation of the current flow. Replacing the median filter used to denoise the ΔB z,c image before applying the reconstruction algorithm by more advanced filter approaches (Lee et al., 2011 ) might help to reveal some more detail in the reconstructed current density images. The reconstruction was based on the simplifying assumption that the x-and y-components of the current-induced magnetic field are small and can be neglected . This also implies that the measured conductivity distribution does not vary along the z-direction. However, the head and brain clearly vary along z, so that accurate estimations of the current flow require assumptions that are more realistic. Combined with the imaging of multiple slices, reconstructing the current flow from 3D ΔB z,c data should help to increase the accuracy of the reconstruction (Ider et al., 2010) . However, it should be noted that these limitations do not affect our finding that the FEM simulations underestimated the current strength, as we applied the same reconstruction steps to the simulation results rather than using the originally simulated current distribution for comparison (Fig. 8a) . Finally, it will be interesting to explore the usage of the measured ΔB z,c data for the estimation of individual tissue conductivities (Kwon et al., 2016) .
Conclusion
We have demonstrated the feasibility of reliable MRCDI measurements in-vivo in the human brain at a current strength of 1 mA. Future studies might aim to further improve the sensitivity of the MR methods and their robustness to physiological noise, as well as to extend their spatial coverage towards multiple slices. Our results are promising and indicate that MRCDI measurements combined with the reconstruction of current densities and tissue conductivities (Eyübo glu, 2006c; Ider et al., 2010; Park et al., 2007; Seo et al., 2003; Seo and Woo, 2011 ) might be useful for validating simulations based on volume conductor models of the head and for improving the accuracy of the simulations.
